The membrane composition of Zymomonas mobilis changed dramatically in response to growth temperature. With increasing temperature, the proportion of vaccenic acid declined with an increase in myristic acid, the proportion of phosphatidylcholine and cardiolipin increased with decreases in phosphatidylethanolamine and phosphatidylglycerol, and the phospholipid/protein ratio of the membrane declined. These changes in membrane composition were correlated with changes in thermal tolerance and with changes in membrane fluidity. Cells grown at 20°C were more sensitive to inactivation at 45°C than were cells grown at 30°C, as expected. However, cells grown at 41°C (near the maximal growth temperature for Z. mobilis) were hypersensitive to thermal inactivation, suggesting that cells may be damaged during growth at this temperature. When cells were held at 45°C, soluble proteins from cells grown at 41°C were rapidly lost into the surrounding buffer in contrast to cells grown at lower temperatures. The synthesis of phospholipid-deficient membranes during growth at 41°C was proposed as being responsible for this increased thermal sensitivity.
The new demand for ethanol as a fuel extender has created the need for more economic large-scale ethanol production and has sparked extensive research in the field of microbial ethanol production. Currently in the United States, Saccharomyces cerevisiae is the primary organism utilized for large-scale ethanol production. However, the bacterium Zymomonas mobilis appears to have tremendous potential for commercial ethanol production. Z. mobilis is an obligately fermentative gram-negative rod, capable of producing 1.9 mol of ethanol per mol of glucose (29) . It has been reported to be more ethanol tolerant, glucose tolerant, and temperature tolerant than S. cerevisiae and to be capable of rates of glucose utilization and ethanol production three to four times higher than those of S. cerevisiae. In addition, Z. mobilis, a procaryote, may prove more amenable to genetic manipulation for strain improvement than S. cerevisiae.
In large-scale fermentations, one of the problems encountered is the increase in fermentor temperature owing to heat released during the metabolism of carbohydrate to ethanol. Such increases in temperature have been shown to decrease the efficiency of alcohol production and to limit its final accumulation (18, 19, 23) . Increases in growth temperature have also been shown to induce changes in the membrane composition of many eucaryotic and procaryotic organisms, eliciting an adaptive response (11, 24) . In this study, we examined the effects of growth temperature on the membrane composition and thermal tolerance of Z. mobilis, a potentially useful organism for commercial ethanol production.
MATERIALS AND METHODS
Organism and growth conditions. The organism used in these studies, Z. mobilis CP4, was generously supplied by Arie Ben-Bassat (Cetus Corporation, Berkeley, Calif.). Cultures were grown in either the complex medium described by Skotnicki et al. (29) or glucose minimal medium containing 100 g of glucose per liter. The minimal medium contained (grams per liter): monobasic potassium phosphate, 0.5; Na(NH4)HPO4 4H20, 0.5; ferric ammonium citrate, 0.05; MgSO4 7H20, 1.2; calcium chloride, 0.015; biotin, 0.002; calcium pantothenate, 0.002. All studies employed complex medium except when specified otherwise. Stock cultures were maintained on complex medium solidified with 1.5% agar.
Overnight broth cultures were grown at 30°C and used as inocula unless stated otherwise. Batch cultures were grown in 250-ml Spinner bottles (50 rpm) vented by the insertion of a 25-gauge needle through a rubber serum stopper on the side arm. Cultures were incubated in water baths at 20, 30, 37, or 41°C. Bottles were inoculated to an initial optical density of 0.05 at 550 nm and were harvested in exponential growth at an optical density of 1 For studies examining cell survival, 16-h cultures were grown in complex medium at various temperatures and diluted into tubes containing 10 ml of complex medium to a final optical density of 0.4. At zero time, these were placed into a 45°C water bath. Serial dilutions of samples were plated on complex medium to determine viability after various times. Plates were incubated at 30°C for 3 to 4 days to allow colony formation.
Lipid analyses. Previous studies in our laboratory have described the methods used to identify and determined the lipid composition of Z. mobilis (5) . Fatty acids were analyzed by gas chromatography, phospholipids were determined by thin-layer chromatography of 32P04 lipids, and lipid/protein ratios of isolated membranes were determined by colorimetric procedures for both lipid phosphorus (7) and protein (20) .
Relative phospholipid-to-protein ratios of whole cells were determined as counts per minute of lipid phosphorus per milligram of cell protein, using cells which were prelabeled for five generations by growth in complex medium to which 0.4 pCi of 32p, per ml had been added. Complex Table 2 shows the effects of growth temperature on phospholipid composition. The proportion of cardiolipin (including trace amounts of phosphatidic acid) and phosphatidylcholine increased with increasing growth temperature. These increases were accompanied by a decrease in the relative abundance of phosphatidylglycerol and phosphatidylethanolamine consistent with a precursorproduct relationship (25) . A decrease in the proportion of lysophosphatidylethanolamine plus an unknown (probably an intermediate in the synthesis of phosphatidylcholine) was also observed.
Both the total fatty acid composition and that of the polar lipid fractions were analyzed at different growth temperatures (Table 3) . Although the compositions of these differed somewhat, similar trends in temperature-related changes were observed with both. Increasing growth temperature resulted in a decrease in the proportion of vaccenic acid and an overall increase in the proportion of saturated fatty acids (primarily myristic acid). The relative amounts of palmitic acid and palmitoleic acid were lowest in cells grown at 20°C and also tended to increase with incubation temperature, Figure 3 shows the effects of assay temperature on the leakage of cells grown at 30°C. As expected, the leakage of magnesium was much more rapid than that of proteins. The (Fig. 2) . Magnesium was lost most rapidly and at the same rate from all cells regardless of growth temperature. The leakage of A2. material (nucleotides plus nucleic acids) and protein leakage were most rapid in cells grown at 41°C. Protein leakage and leakage of A260 material were slowest in cells grown at 30°C, with cells grown at 20°C being intermediate, analogous to the trends observed for the thermal inactivation of cells grown at these temperatures (Fig. 2) .
DISCUSSION
The various factors involved in limiting bacterial growth and metabolism at elevated temperatures are currently poorly defined. Thermophilic organisms have in many cases been shown to cbntain thermostable enzymes and to have evolved specialized modifications in membrane composition (17) . Changes in temperature have been shown to have dramatic effects on the organization of biological membranes (24) . The maintenance of an intact and functional membrane is of vital importance to the cell since this serves as a primary barrier to prevent the loss of metabolites and as a site for transport systems and the organization of many enzyme functions. Microorganisms have been shown to undergo temperature-inducible changes in their membrane composition, and these are widely regarded as being adaptive (12, 14, 28) . Thus, our attempts at understanding the mechanisms involved in the thermal sensitivity of Z. mobilis focused on the composition of the cell membrane.
The best characterized changes in the membranes of microorganisms occur in fatty acid composition. With increasing temperature, the proportion of saturated fatty acid esterified into membrane lipids increases at the expense of unsaturated acyl chains (6, 11) . This increase in saturated fatty acid (primarily palmitic and myristic acids) has been well documented in Escherichia coli (8, 21, 28) and also occurs in Z. mobilis CP4. However, the changes observed with Z. mobilis are much smaller than those reported for E. coli and involve the replacement of an 18-carbon monounsaturated fatty acid with a 14-carbon saturated fatty acid. This reduction in acyl chain length in Z. mobilis may be maladaptive. Increases in growth temperature also caused shifts in the phospholipid composition of Z. mobilis. The proportions of cardiolipin and phosphatidylcholine increased with reductions in phosphatidylglycerol and phosphatidylethanolamnine. In other systems, phosphatidylglycerol is a precursor of cardiolipin (15, 25) , and phosphatidylethanolamine is a precursor of phosphatidylcholine via the methylation pathway (3). Thus, the membrane composition of Z. mobilis was progressively shifted toward the ultimate prod- Fluorescence depolarization studies indicate that the membranes of Z. mobilis, unlike those of E. coli (8, 28) , do not maintain a constant membrane fluidity during growth at different temperatures. With increasing growth temperature, the membranes from Z. mobilis were progressively more rigid as indicated by the higher polarization values observed at the common assay temperature of 30°C. However, tesmperature-induced changes in composition were insufficient to compensate for the increase in fluidity which accompanied an increase in growth temperature. The observed changes in fluidity are consistent with the decrease in the proportion of unsaturated fatty acids during growth at the higher temperatures and with the reduction in the phospholipid/protein ratio (10) . These changes in the fatty acid composition of Z. mobilis were relatively small in comparison with other organisms and primarily involved the replacement of vaccenic acid with a relatively low-melting-temperature 14-carbon saturated fatty acid at higher growth temperatures. The shifts from phosphatidylethanolamine to phosphatidylcholine and from phosphatidylglycerol to cardiolipin observed in Z. mobilis would not be expected to cause a major increase in rigidity (24) . Thus, the decrease in phospholipid/protein ratios with increasing temperature appears to be the dominant event leading to an increase in membrane rigidity with increasing growth temperature.
Growth temperature had a major effect on the thermal tolerance of Z. mobilis. Since it is unlikely that the thermal sensitivity Qf soluble enzymes or macromolecules is affected by differences in the temperature of their biosynthesis, the thermal tolerance may be attributable to changes in membrane composition. Previous studies with E. coli have demonstrated a direct correlation between membrane fluidity and the rate of thermal inactivation at 47°C (8) . With Z. mobilis, cells grown at 20°C were more sensitive to thermal inactivation at 45°C than cells grown at 30°C, consistent with their adaptation to a lower growth temperature. However, cells grown above 30°C, the optimal growth temperature for Z. mobilis, did not exhibit further increases in thermal tolerance and after growth at 41°C were uniquely sensitive to thermal inactivation. This hypersensitivity of cells grown near the maximum growth temnperature, 41°C, was also apparent in the pronounced lags in growth upon shifting to a lower incubation temperature and in the rapid leakage at 45°C. Since the temperature-induced changes in phospholipid and fatty acid composition appear relatively minor, it is tempting to speculate that the decrease in the abundance of membrane phospholipid may be responsible for the unique thermal sensitivity of cells grown near the maximum growth temperature, 41°C.
The leakage of magnesium, nucleotides (A260), and proteins from cells grown at 30°C increased with increasing assay temperature. (13) . The extremely low phospholipid content of membranes of Z. mobilis grown at 41°C may approach the minimum phospholipid requirement for membrane integrity in Z. mobilis. Indeed, the inability of phospholipid synthesis to keep pace with other macromolecular syntheses may be a major determinant of the maximal growth temperature in Z. mobilis and other organisms.
